A B S T R A C T Recent studies have shown that chronic hypotonic volume expansion (HVE) induced by administration of vasopressin and water stimulates distal hydrogen ion secretion and thereby (a) permits dogs with HCl-acidosis to restore acid-base equilibrium to normal despite continued acid feeding and (b) permits normal dogs to conserve filtered bicarbonate quantitatively despite the natriuresis induced by water retention.
INTRODUCTION
Chronic hypotonic expansion of the body fluids, induced by the prolonged administration of vasopressin and water, produces a marked enhancement of distal hydrogen ion secretion in dogs with HClinduced acidosis (1) . The restulting increase in renal acid excretion is enough to restore plasma bicarbonate concentration completely to nonral, even in the face of the continued daily administration of a large acid load.
The present study was designed to explore the mechanism responsible for this striking effect of hypotonic expansion on the renal regulation of acid-base equilibrium. Because there is no evidence that either hyponatremia or volume expansion stimulates distal hydrogen ion secretion directly, it would appear that some as yet undefined factor must mediate the observed enhancement of acid excretion. More particularly, since several studies have indicated that hyponatremia can, under certain acute experimental circumstances, cause the release of aldosterone from the adrenal gland (2-6), we hypothesized that aldosterone might play such a mediating role.
To test this hypothesis, aldosterone levels in plasma and urine were determined during prolonged administration of vasopressin to normal dogs and to dogs made acidotic by the chronic administration of HC1. The data indicate that aldosterone secretion is indeed markedly augmented by chronic hyponatremia. Moreover, when augmentation of aldosterone secretion was prevented by prior adrenalectomy, the striking response of plasma bicarbonate concentration to chronic hypotonic volume expansion (HVE)' was abolished. We have concluded from these observations that severe chronic hypotonicity is a sufficiently potent stimulus to aldosterone secretion to override the wellestablished inhibitory effects of volume expansion. We also conclude that augmented mineralocorticoid secretion plays a critical role in the renal regulation of acid-base equilibrium during chronic HVE.
METHODS
31 studies were carried out on female mongrel dogs weighing between 9 and 27 kg. Animals were utilized for study only ifaverage control plasma bicarbonate concentration was between 18 and 24 meq/liter. Each dog was fed 30 mg/kg per day ofa synthetic diet containing 1 meq of sodium, 0.3 meq of chloride, I Abbreviations used in this paper: ADH, antidiuretic hormone; ADX, adrenalectomized; HVE, hypotonic volume expansion. and 0.1 meq of potassium per 100 g (7) . The daily diet was supplemented with 2.5 meq potassium/kg body wt as neutral phosphate and 2.5 mM sodium chloride/kg body wt. Unless otherwise noted, water intake was held constant at 77 ml/kg body wt per day throughout the study. Dogs that failed to eat spontaneously were tube-fed. Studies were terminated if vomiting resulted in a cumulative loss greater than 100 ml; in such instances, data from the dav on which vomiting occurred and from the previous day were excluded. Fig. 1 summarizes the various protocols employed in this study. As can be seen, animals were treated identically with respect to vasopressin administration Pitressin tannate in oil, Parke, Davis & Company, Detroit, Mich. (5 U subcutaneously twice daily for 5-8 days) but differently with respect to the conditions under which they were studied, i.e., level of water intake, state of acid-base equilibrium, and presence or absence of adrenal glands.
As shown on the left-hand side of the figure, the animals maintained on a liberal water intake were divided into two groups; group I (n = 13) with chronic HCl-induced acidosis, and group II (i = 14) with normal acid-base status. Each of these groups was further divided into two subgroups: A, containing intact and B, containing adrenalectomized (ADX) animals. All animals included in groups I and II achieved a nadir value for plasma osmolality of 245 mosmol/kg or less during vasopressin administration; several other animals treated identically failed to meet this criterion and were not included for study.
As shown on the right-hand side of the figure, the animals maintained on a restricted water intake constituted group II; each had normal acid-base status and intact adrenal glands.
In all animals subjected to adrenalectomy, the surgical procedure was performed at least 10 days before study. The Mineralocorticoid replacement was provided by a combination of aldosterone, corticosterone, and desoxycorticosterone, the salt-active hormones known to be secreted by the canine adrenal gland (8) Group II-intact and ADX atnimals with normal acid-base status given vasopressin and a liberal water intake A. Intact dogs (n = 8). All animals in this group received vasopressin for 6 days.
B. ADX dogs (n = 6). Water intake was held constant at the standard rate of 77 ml/kg per day during the control period but was adjusted daily during the vasopressin administration to achieve a rate of decline in plasma osmolality similar to that observed in group II-A, (see Results).
Group III-intact animals with tnormal acid-base status given vasopressin and a restricted water intake (n = 4)
Water intake was restricted to 47/ml/kg per day during a 6-day control period and, when necessary, was restricted further to maintain plasma osmolalitv above 280 mosmol/kg dturing 6 days of vasopressin administration.
Analytic methods
Detailed description of the analytical methods employed in this laboratory for plasma electrolytes, osmolality, hydrogen-ion concentration, and carbon dioxide tension have been previously described (10) . Urinary aldosterone was measured by a modified method of Mayes et al. (11) . Plasma aldosterone was measured as the gamma-lactone by a radioimmunoassay method patterned after that of St. Cyr et al. (12) . Plasma samples for aldosterone determinations were obtained at approximately 9:00 a.m.
RESULTS
Control values for each animal were averaged to provide a base line for assessing the influence of subsequent vasopressin administration. The mean of the values obtained on the 4th and 5th days of vasopressin administration (ADH days 4 and 5) was selected for most comparisons because, as previously noted (1) (1) are included with the present observations. Note that the response of plasma osmolality was similar in both the intact and ADX dogs, but that the response of plasma bicarbonate was markedly different. Table I , the acidosis produced in ADX animals by prolonged HCI feeding was no greater than that produced in intact animals. Mean plasma osmolality was slightly lower in the ADX group during control,2 but there was virtually no difference in the pattern of fall in plasma osmolality during administration of vasopressin, as illustrated in Fig. 2 . Note that the data for intact animals used in this figure include not only observations from the present study but also from a previous study of six intact animals treated identically (1) . Fig. 2 Plasma sodium concentration fell from a mean control value of 145 to a low value of 114 meq/liter during vasopressin adminiistration (P < 0.01). Mean plasma potassium concentration fell from 3.9 to 3.1 meq/liter (P < 0.01).
The observed changes in osmolality and plasma bicarbonate concentration were associated with a marked increase in uriniary aldosterone excretion; as can be seen in Table II , aldosterone excretion rose from a mean control value of 0.51 ,ug/24 h to a value of 2.28 ,ug/24 h by ADH days 4 and 5 (P < 0.02). A significant change in plasma aldosterone concentration also occurred (Table II) , the mean level rising from 8.1 ng/100 ml to 39.8 ng/100 ml on ADH days 4 and 5 (P < 0.01).
B. ADX dogs. As can be seen in Table III , plasma bicarbonate, Paco, and plasma hydrogen ion concentration in the intact and ADX groups were not significantly different during the control period. Mean plasma osmolality was slightly lower in the ADX animals during control (P <0.01), but, as shown in Fig. 3 , the pattern of fall during vasopressin administration was virtually identical in the intact and ADX groups. Note (13) .
There is, however, one substantive differenice between this earlier study and ours: in the earlier study, serum sodium concentration was reduced to a level of only 120-125 meq/liter (13) , whereas in the present study, sodium concentration was lowered to an average of 115 meq/liter and frequently as low as 108 meq/liter.
We would suggest that this difference in sodium concentration is the key factor accounting for the divergent aldosterone responses. On the basis of both present and previous data, it would appear that HVE produces two distinctly different effects on aldosterone secretion; one, an inhibiting effect related to volume expansion and the other, a stimulating effect related to hypotonicity.3 Whether aldosterone levels are suppressed or augmented during HVE seems to depend upon the balance of these two opposing forces. In chronic HVE of only moderate severity, as in the studies of Bartter et al., the dampening effects of expansion override the stimulating effects of hypotonicity. This interpretation gains considerable support from several acute studies in which even modest degrees of hypotonicity, produced without concomitant expansion, have been clearly shown to augment aldosterone release from the adrenal gland (2-6).
When severe hypotonic expansion is produced, as in the present study, there is a shift in the balance of forces that leads to a rise in aldosterone levels. The marked reduction in serum sodium concentration apparently causes a sufficiently potent stimulus to aldosterone secretion to more than offset the inhibitory effect of the associated volume expansion. It should be noted, incidentally, that the potency of this stimulus is further attested to by the failure of moderate hypokalemia and potassium deficiency to block the aldosterone response.
The effects of HVE on renal acid-base regulation. Previous studies from this laboratory have indicated that the renal response to HVE causes a striking increase in plasma bicarbonate concentration in animals with chronic HCI acidosis and prevents the anticipated fall in plasma bicarbonate concentration in normal animals (1) . In the present study, these effects on acid-base equilibrium were found to be associated temporally with the rise in aldosterone levels. Given the well-known effect of aldosterone on sodium and hydrogen ion transport in the kidney, such a temporal association raised the strong possibility that the observed augmentation in aldosterone secretion mediated the response of plasma bicarbonate concentration. To assess this possibility, we carried out additional experiments in which enhanced mineralocorticoid secretion was prevented by prior adrenalectomy. The results provide further compelling evidence 3 It is clear that the factor responsible for the sustained elevation in aldosterone levels observed during HVE was hypotonicity rather than vasopressin administration itself; control animals given vasopressin but a restricted water intake failed to manifest an aldosterone response. that aldosterone plays a critical role in the renal response to HVE; adrenalectomized animals fed HC1 failed to increase plasma bicarbonate concentration (Fig. 2) and non-HCl fed, ADX animals failed to maintain normal bicarbonate levels (Fig. 3) . 4 Of course, since adrenalectomy prevents the secretion of all adrenal hormones, we cannot exclude the possibility that some hormone other than aldosterone could have been the actual mediator of the renal response to HVE. However, in view of the very high levels attained by aldosterone itself, this possibility seems quite remote.
We should also point out that these data provide a possible explanation for the remarkable stability of plasma bicarbonate concentration in hyponatremic patients with the syndrome of inappropriate secretion of ADH. It is well known that even in the face of severe hyponatremia (sodium concentrations of 100-115 meq/liter), bicarbonate concentration in patients with this syndrome usually remains at normal or nearly normal levels (14) , but no explanation for this remarkable finding has previously been proposed. On the basis of the present observations, it would seem reasonable to suggest that a rise in aldosterone secretion induced by hyponatremia is responsible for the protection of acid-base equilibrium. Whether this explanation is, in fact, correct remains to be determined; elevated levels of aldosterone have been noted in some patients with this syndrome (15) (16) (17) (18) (19) , but such increases have not been found consistently (20) (21) (22) (23) . It thus seems clear that a systematic study of aldosterone secretion in these patients will be necessary to clarify the interplay between tonicity, aldosterone, and acid-base equilibrium.
